Contributed by Gerhard Giebisch, December 22, 2009 (sent for review April 9, 2008) The cystic fibrosis transmembrane conductance regulator (CFTR) is expressed in many segments of the mammalian nephron, where it may interact with and modulate the activity of a variety of apical membrane proteins, including the renal outer medullary potassium (ROMK) K + channel. However, the expression of CFTR in apical cell membranes or its function as a Cl − channel in native renal epithelia has not been demonstrated. Here, we establish that CFTR forms protein kinase A (PKA)-activated Cl − channels in the apical membrane of principal cells from the cortical collecting duct obtained from mice. These Cl − channels were observed in cell-attached apical patches of principal cells after stimulation by forskolin/3-isobutyl-1-methylxanthine. Quiescent Cl − channels were present in patches excised from untreated tubules because they could be activated after exposure to Mg-ATP and the catalytic subunit of PKA. The single-channel conductance, kinetics, and anion selectivity of these Cl − channels were the same as those of recombinant mouse CFTR channels expressed in Xenopus laevis oocytes. The CFTR-specific closed-channel blocker CFTR inh -172 abolished apical Cl − channel activity in excised patches. Moreover, apical Cl − channel activity was completely absent in principal cells from transgenic mice expressing the ΔF508 CFTR mutation but was present and unaltered in ROMK-null mice. We discuss the physiologic implications of open CFTR Cl − channels on salt handling by the collecting duct and on the functional CFTR-ROMK interactions in modulating the metabolic ATP-sensing of ROMK.
T he kidney functions in volume, osmotic, and ionic homeostasis by regulating and coordinating activities of ion, water, and solute transport proteins that are axially distributed along the kidney nephron. The cystic fibrosis transmembrane conductance regulator (CFTR) protein is highly expressed in many segments of the mammalian nephron (1) (2) (3) , where it can function in these homeostatic processes as a regulator of other transport proteins (4, 5) . We (6) (7) (8) and others (9) have identified CFTR as an important regulator of the 30 pS inward rectifier potassium channel ROMK (Kir1.1) that mediates potassium secretion by distal nephron segments (10) . The expression of CFTR in apical plasma membranes is required for the gating of ROMK by cytosolic ATP, providing a link between cell metabolism and potassium secretory activity (8, 9) . Accordingly, the sensitivity of ROMK to ATP is lost in CFTR knockout and CFTR-ΔF508 transgenic mice (8) . Interaction of ROMK with CFTR is also required for partial inhibition of ROMK channel activity by the sulfonylurea compound glibenclamide (6) (7) (8) .
CFTR also functions as a cAMP-dependent, protein kinase A (PKA)-regulated Cl − channel in many epithelia (4, 11) . Several studies have found forskolin (FSK)-or 1-desamino-8-D-arginine vasopressin (dDAVP)-stimulated electrogenic Cl − secretion in apical membranes of mouse principal cells in primary culture (12) (13) (14) and a whole-cell Cl − conductance in the M1 principal cell line (15) . The PKA-stimulated currents have been suggested to be due to CFTR, on the basis of expression of CFTR mRNA and/or protein in these cultured cells, the absence of Cl − currents in cells cultured from CFTR null mice (14) , and an anion permeability sequence compatible with CFTR in M1 cells (15) . A small apical Cl − conductance has also been found in primary cultures of rabbit principal cells (16, 17) , and single Cl − channel activity exhibited some of the characteristics of human CFTR. Although these studies suggest that cultured renal principal cells may express CFTR, the presence of CFTR Cl − single-channel activity in native renal tubule epithelial cells and the role of any such channel activity in kidney function have not been established (2) .
PKA-regulated CFTR Cl − channel activity may have relevance to its functional interaction with the ROMK channel because metabolic regulation of ROMK by CFTR is modifiable by increasing the activity of PKA in thick ascending limb and cortical collecting duct (CCD) principal cells (7, 8, 18) . For example, preexposing CCDs from wild-type mice to FSK and 3-isobutyl-1-methylxanthine (IBMX) results in the complete loss of the inhibitory effect of cytosolic ATP on ROMK channels (8) . Thus, we explore here whether mouse principal cells from freshly isolated CCDs exhibit PKA-activated CFTR Cl − channels on their apical membranes.
Comparing Cl
− channel activity and characteristics in principal cells of wild-type mice, in principal cells from ΔF508-CFTR transgenic mice, and in Xenopus laevis oocytes expressing mouse CFTR provides definitive evidence for CFTR functioning as an apical Cl − channel in the mammalian kidney.
Results

PKA-Activated Cl
− Channels in Apical Membranes of Principal Cells from Wild-Type Mice. We determined whether Cl − channels were present in apical membranes of principal cells in cellattached patches and whether these channels could be activated by cAMP/PKA. Fig. 1A shows a representative cell-attached patch recording from the apical membrane of a CCD segment isolated from a wild-type mouse using a patch pipette solution optimized for detecting Cl − currents (i.e., containing no permanent cations as well as containing barium and amiloride). Little current activity was observed on initiating the cell-attached patch. Within 1 min after exposure of the cell to 10 μM FSK + 1 mM IBMX, channel activity increased, consistent with the activation or insertion of CFTR Cl − channels. Because FSK/IBMX can enhance insertion of CFTR into apical membranes as well as activate preexisting quiescent Cl − channels, we assessed the effect of Mg-ATP and PKA on Cl − channel activity in excised inside-out patches of the principal cell apical membrane. A representative current tracing is shown in Fig. 1B before and after the sequential addition of Mg-ATP and the catalytic subunit of PKA to the bath solution. After excision of the patch into a bath containing 145 mM N-methyl-d-glucamine (NMDG)-Cl that was identical to the pipette solution, a few brief channel openings were observed at a holding potential of +80 mV. Addition of 0.5 mM Mg-ATP had little effect on channel activity in this patch. This concentration of Mg-ATP should have been sufficient to activate maximally any mouse CFTR channels that were already phosphorylated in the patch (19) . Subsequent addition of 50 nM PKA rapidly led to the appearance of three Cl − channel current levels, demonstrating activation of quiescent Cl − channels by PKA in a patch. Thus, apical membranes of principal cells from the CCD contain Cl − channels in both the quiescent and active states. In cell-attached patches the reversal potential was −22 mV, and the mean conductance between −80 mV and 0 mV was 7.9 pS. In excised patches, the reversal potential in symmetrical Cl − was 0 mV, and the mean slope conductance was 6.59 pS (Table 1) .
Channels from excised patches exhibited a low open probability (P o ) of 0.06 with one open time (t o ) of 6.81 ms and two closed times (t c ) of 5.66 and 128 ms (Table 1) . These single-channel properties are similar to those of cloned mouse CFTR expressed in CHO cells but quite distinct from those of the human CFTR that exhibits a longer t o and a higher P o (19) . Indeed, there is only 78% amino acid identity between the human and mouse CFTR (20) .
Characteristics of Mouse CFTR Cl
− Channels Expressed in X. laevis
Oocytes. Given the distinct single-channel properties of CFTR channels from different species, we wanted to verify that the Cl − channels observed in mouse principal cells were CFTR. Thus, we compared the properties of the PKA-activated apical Cl − channel observed in principal cells with those of the cloned mouse CFTR expressed in oocytes. The X. laevis oocyte is an expression system that has been used by us and many other laboratories to study the regulation of ROMK channels and interactions of ROMK and human CFTR (7, 9, 21, 22) . shown in Fig. 2D . Table 1 compares the single-channel properties of the Cl − channels observed in the apical membrane of mouse principal cells and CFTR channels expressed in X. laevis oocytes. CFTR channels expressed in oocytes had a mean slope conductance of 5.6 pS and a P o of 0.08, with one t o of 4.1 ms and two t c of 1.8 and 30.5 ms. Thus, the single-channel properties of mouse CFTR are similar to the single-channel properties observed in apical membranes of mouse principal cells. Fig. 3 shows representative examples of whole-cell currents from water-injected ( Fig. 3 A and B) and CFTR cRNA-injected ( . No currents were observed in water-injected oocytes before or after exposure to 10 μM FSK and 1 mM IBMX (n = 12). In contrast, in oocytes injected with mouse CFTR cRNA, FSK/IBMX increased the current at +80 mV from 0.8 ± 0.2 to 11.6 ± 0.4 μA (Fig. 3D) . FSK/IBMX-activated current exhibited a reversal potential of −32.5 ± 6.4 mV (n = 15; Fig.  3D ), consistent with activation of CFTR Cl − channels.
Inhibitors of CFTR Block Cl
− Channels in Mouse Principal Cells. The sulfonylurea compound glibenclamide is an open-channel inhibitor of CFTR (23) (24) (25) , and CFTR is required for inhibition of ROMK by glibenclamide (7, 8, 21) . However, increasing cAMP-dependent PKA activity abolishes the sensitivity of ROMK channels to glibenclamide (7). Thus we examined the effect of 1 mM glibenclamide on wholecell currents from mouse CFTR expressed in oocytes stimulated by FSK/IBMX. As shown in Fig. 4A , current at +80 mV increased from 1.1 ± 0.3 μA to 14.9 ± 0.8 μA (n = 5) with exposure of CFTRinjected oocytes to FSK/IBMX. Glibenclamide reduced whole-cell current at +80 mV by ≈48% (14.9 ± 0.8 μA to 7.2 ± 0.7 μA; n = 5) without changing the reversal potential (Fig. 4A) . In inside-out giant patches using symmetrical 100-mM NMDG-Cl solutions, FSK/ IBMX increased patch current at +50 mV from 3.8 ± 0.3 pA to 20.4 ± 0.8 pA (n = 6; P < 0.5; Fig. 4B ), and this FSK/IBMX-stimulated current was reduced to 12.2 ± 0.4 pA by 1 mM glibenclamide.
We also assessed the effects of glibenclamide on ATP+PKA-activated CFTR channels in inside-out apical patches of principal cells from wild-type mice. Glibenclamide (1 mM) blocked ≈50% of CFTR Cl − channel activity (NP o = 0.09 ± 0.04; control NP o = 0.18 ± 0.08; n = 5; Fig. 5A ). Thus, the fractional inhibition by glibenclamide was similar in principal cells and mouse CFTR expressed in X. laevis oocytes (Fig. 4) .
CFTR inh -172 is a potent inhibitor of human CFTR, functioning as a closed-channel blocker (26, 27 -activated Cl − channels (34) . Therefore, we assessed the anion selectivity of the Cl − currents observed in X. laevis oocytes expressing the mouse cloned CFTR to discriminate CFTR currents from currents due to other Xenopus native Cl − channels. Permeability ratios were obtained from bionic reversal potentials measured in excised giant patches of FSK/IBMX-treated oocytes expressing mouse CFTR. Patch pipettes contained 140 mM NaCl and baths contained equal molar concentrations of NaCl, Na-aspartate, Na-iodide, Na-bromide, or Nafluoride. Current-voltage plots for the different bionic conditions were obtained using voltage ramps (Fig. 6A) . The permeability sequence obtained from the reversal potential was Table 2 ). The slope conductance and conductance ratios (G x /G Cl ) showed the sequence of I − = Br Table  2) . These results are in agreement with the selectivity patterns previously reported for the human CFTR that are consistent with the "lyotropic" or Hofmeister series (28) (29) (30) (31) (32) .
Giant patches cannot be obtained from apical membranes of mouse principal cells, limiting our ability to perform a full anion permeability sequence. Therefore, we compared the currents of the least-permeable anion, aspartate, with that of chloride using standard excised patches from principal calls. Current-voltage plots for the two conditions were obtained using voltage ramps (Fig. 6B) . The reversal potentials shown in Table 2 indicate, as expected for CFTR, that the permeability of aspartate for the mouse principal cell Cl − channel is much less than that of chloride. In addition, the shift in reversal potential with aspartate was identical in mouse CFTR expressed in oocytes and the Cl − channel in principal cells (Table 2) . Although the slope conductance was reduced in principal cells for the Cl − channels between the two conditions in the small patches obtained from principal cells could have obscured a larger change in G Asp /G Cl . In other words, a change in the opening of a few channels would make a large difference in the total current of the small patches from principal cells but would have little effect in the giant patches containing an order of magnitude greater number of open channels (e.g., compare total current at 0 mV for NaAsp in Fig. 6A vs. Fig. 6B) . Thus, the reversal potential is a more accurate measure of the permeability difference in the principal cell patches.
Apical Cl
− Channels Are Absent in Principal Cells of ΔF508-CFTR Mice.
Although comparisons of the single-channel characteristics of apical Cl − channels in principal cells with those from mouse CFTR expressed in oocytes strongly support that the apical Cl − channels in principal cells are CFTR channels, we used ΔF508-CFTR mice to confirm this notion. In these transgenic mice, the mutant CFTR is retained in the ER. We used 0.5 mM Mg-ATP and 50 nM PKA to activate any CFTR Cl − channels resident in inside-out patches from wild-type or ΔF508-CFTR mice. In wild-type mice, CFTR Cl − channel activity was detected in 15 patches out of a total of 37 successful patches (i.e., 40.5%; Table 3 ). The average channel activity (NP o ) in the 15 patches from wild-type mice was 0.24 ± 0.02 (Table 3) . However, in ΔF508-CFTR mice, no CFTR Cl − channels were observed in inside-out patches (n = 13; Table 3 ). These results demonstrate that mutant CFTR channels in ΔF508-CFTR mice do not reach the apical membrane of principal cells and support the notion that the channels observed in wild-type mice are CFTR.
− Channels in Principal Cells of ROMK −/− Mice. We previously reported that in mCFTR −/− mice the NP o for ROMK in cell-attached patches of TAL cells was increased 2-to 3-fold compared with wild-type mice (8) . The latter is consistent with the requirement of CFTR expression in apical membranes for the reduction in ROMK activity in the presence of cytosolic ATP concentrations (i.e., the ATP sensitivity of ROMK). Given that CFTR can influence the gating behavior of ROMK, does the lack of ROMK expression influence the functional expression of CFTR? To examine this possibility, we compared Cl − channel NP o in cell-attached patches of principal cells from wild-type and ROMK knockout mice (ROMK −/− ). In ROMK −/− mice, CFTR Cl − channel activity was detected in 9 of a total of 19 successful patches (i.e., 47.4% of patches; Table 3 ). The average Cl − channel activity (NP o ) in the 9 patches from ROMK −/− mice was 0.27 ± 0.03 (Table 3) , which is unchanged from the NP o observed in wildtype mice. Thus, the functional interaction of CFTR and ROMK seems to be unidirectional: the absence of CFTR alters the functional expression of ROMK, but the absence of ROMK does not affect the functional expression of CFTR. 
Discussion
Although both CFTR mRNA and protein are widely expressed along the nephron of the mammalian kidney, the localization of CFTR in the apical membrane, its function as a Cl − channel, and its role in renal Cl − handling or regulation of other renal transport mechanisms have been unclear. In this report, we establish that CFTR forms PKA-activated Cl − channels in the apical membrane of principal cells from the intact CCD obtained from mice. This conclusion is based on several findings. First, Cl − channels were observed in apical patches of mouse principal cells after stimulation by FSK/IBMX. Second, apical Cl − channels in mouse principal cells have single-channel properties similar to those of mouse CFTR expressed in CHO cells (19) or in oocytes expressing the cloned mouse CFTR. Third, the specific CFTR closed-channel blocker CFTR inh -172 inhibited the activity of Cl − channels. Fourth, these apical Cl − channels are not observed in principal cells from the ΔF508-CFTR mouse even after stimulation by FSK/IBMX.
What are the potential physiologic roles of apical CFTR Cl − channels in principal cells? There are at least two possibilities that are not mutually exclusive. First, CFTR channels could carry significant Cl − current that could function to short-circuit the difference between Na + and K + currents across apical membranes, thereby altering the ratio of apical Na + to K + fluxes. A second possible role of CFTR could be that phosphorylation of CFTR functions as a switch modulating ROMK activity. For instance, a low cAMP-PKA state in water diuresis would reduce CFTR phosphorylation, allowing functional interaction between CFTR and ROMK channels so that cytoplasmic ATP levels inhibit ROMK. Inhibition of ROMK would impede excessive K secretion and thereby prevent kaliuresis during water diuresis (35) . In contrast, during the high PKA phosphorylation condition associated with antidiuresis, the interaction of ROMK with CFTR is altered such that ROMK is no longer sensitive to ATP, and therefore ROMK would be open and support K + secretion. This regulatory role for CFTR does not necessarily require a large (or any) Cl − current but may depend on PKA phosphorylation events, including phosphorylation of CFTR.
Regarding the first possible role of CFTR channels in principal cells, what effect could apical Cl − currents have on Na + absorption and K + secretion? Sodium absorption through ENaC depolarizes, whereas K + secretion through potassium channels like ROMK hyperpolarizes the principal cell apical membrane. However, the magnitudes of these cation currents may not be equivalent. In the prevailing model, the extent of this difference in cation current generates a lumen negative transepithelial potential that, in turn, drives Cl − absorption through the paracellular pathway that matches the difference in cation currents. During antidiuresis when cAMP-dependent PKA activity is high and CFTR Cl
− channels are open, any Cl − current from cell to lumen (Cl − secretion) or from lumen to cell (Cl − absorption) would alter the electrical coupling between Na + and K + , thereby altering the ratio of Na + absorption to K + secretion. The extent of this effect of open CFTR channels depends on the magnitude of the Cl − current. In apical patches from mice, we observed a small number of current levels that are quite small compared with K + currents. Observing multiple current levels depends on the simultaneous opening of more than one channel, and the probability of this occurrence is reduced in CFTR with the very short t o and long t c of mouse CFTR channels. As a consequence, the time-averaged Cl − current across the principal cell apical membrane would be very small in comparison with Na + or K + currents. Thus, the apical CFTR Cl − current would be expected to have little effect on the Na-to-K coupling in mouse principal cells. However, the apical Cl − current could be higher in different species, thereby affecting the Na-to-K coupling to a greater extent than in mouse. For example, compared with the mouse CFTR, the human CFTR channel exhibits a longer t o and shorter t c , which results in a higher P o (here and ref. 19) .
Regarding the second possible role of apical CFTR Cl − channels, could the phosphorylation state of CFTR be important in modulating the Mg-ATP sensitivity of ROMK K + channels? We previously showed that expression of CFTR is required for the sensitivity of ROMK to either cytosolic Mg-ATP or glibenclamide and that increasing the PKA phosphorylation state of the cell abrogates the inhibitory effects of these agents (7, 8) . Furthermore, we suggested that the effect of CFTR on ROMK Mg-ATP sensitivity could be due either to increased surface delivery of CFTR or to altered phosphorylation states of ROMK, CFTR, and/ or other associated proteins, or both (8) . Direct phosphorylation of ROMK could contribute to ROMK activation separately from CFTR-mediated effects. This additional mechanism could involve a shift of the ROMK-pH dependence favoring the open state (36) .
Several observations in this report further define the mechanism for the PKA-regulated functional switch that determines the distribution of open and ATP-inhibited K channels in principal cell apical membranes. First, excised apical patches from principal cells contain inactive CFTR Cl − channels that can be opened by exposure to PKA and Mg-ATP, showing that increased trafficking of CFTR to the apical membrane is not required for an increase in CFTR Cl − channel activity in the apical membrane. This suggests a model whereby the functional interaction between CFTR and ROMK occurs entirely within the apical membrane, as opposed to distinct pools of ROMK and/or CFTR trafficking into or out of the membrane. Second, the CFTR-ROMK interaction in modulating channel activity is unidirectional. We previously showed that the absence of apical CFTR expression (ΔF508-CFTR mouse) increases ROMK activity (NP o ) by 2-to 3-fold in cell-attached patches where this K + channels is exposed to cytosolic concentrations of ATP (8) . In the present study, we show that deletion of ROMK (ROMK −/− mouse) has no effect on the NP o for CFTR Cl − channels in cell-attached apical patches under maximal stimulation (FSK/IBMX). Thus, in the intact principal cell, CFTR modulates ROMK activity, whereas ROMK does not alter CFTR activity. Third, the condition required to open CFTR Cl − channels, namely increasing cAMP-dependent PKA phosphorylation in principal cells, is the same that abolishes the sensitivity of ROMK channels to 2 mM Mg-ATP (8) or glibenclamide (7) . This finding, together with the second observation, suggests that the PKA phosphorylation state of CFTR is the major factor in determining the Mg-ATP and glibenclamide sensitivities of ROMK. Whether the phosphorylation of the CFTR regulatory domain, the conformational change in CFTR associated with channel opening, or the flow of Cl − ions through the CFTR pore is the molecular effector altering the gating behavior of ROMK is yet to be determined.
Materials and Methods
Animals. C57BL/6 wild-type mice (25-30 g) were purchased from Charles River Laboratories and maintained on a normal diet for 7-10 days before being killed. The ΔF508-CFTR transgenic mice (8) were fed a Harlan Teklad 9F diet and drinking water that was supplemented with 17.5 g/250 mL of Colyte (Schwarz Pharma) to improve survival. ROMK-deficient transgenic mice (ROMK −/− ) were maintained on a normal diet and generated as described previously (37) . Mice were maintained at the Yale Animal Resources Center and genotyped using standard protocols. Freshly isolated ovaries from X. laevis frogs were obtained from Nasco. Stage V-VI oocytes were defolliculated in a collagenase (2 mg/mL type 1A; Sigma-Aldrich) containing Ca 2+ -free solution (in mM): 96 NaCl, 2 KCl, 2 MgCl 2 , and 5 Hepes titrated to pH 7.4. All procedures were performed in compliance with relevant laws and institutional guidelines and were approved by the Yale University Institutional Animal Care and Use Committee.
Patch Clamping of Mouse Principal Cells. Patch-clamping was performed as described previously (8) . Pipette solutions were optimized for detecting Cl − or K + currents. In single-channel patches, pipette resistance was 8-9 MΩ when filled with (in mM): 145 NMDG-Cl, 1.8 MgCl 2 , 10 TES, 1 BaCl 2 , and 20 μM amiloride titrated to pH 7.4. In inside-out patch experiments, the bath solution was the same as the pipette solution. In cell-attached patches, the bath solution contained (in mM): 140 NaCl, 5 KCl, 1.8 MgCl 2 , 1.8 CaCl 2 , and 10 Hepes titrated to pH 7.4. Glibenclamide, Mg-ATP, FSK, and IBMX were
